We studied the use of mineral licks by African elephants (Loxodonta africana) during the dry season in a Kalahari-sand habitat in Hwange National Park, Zimbabwe, to investigate the role of geophagy as a mechanism for supplementing low Na ϩ levels in browse and natural water supplies. Plant, water, and soil macrominerals were measured to evaluate mineral availability for elephants during the dry season. Elephant behavior was monitored at licks to investigate the intensity of geophagy (measured by number of mouthfuls of soil consumed) in relation to fecal-Na ϩ loss. Female elephants, which probably had greater requirements than did males because of pregnancy and lactation, consumed more mouthfuls of soil and spent a greater part of their activity budget feeding on soil than did males, suggesting that geophagy may be driven by a nutritional requirement. We found the following consistent with the Na ϩ -supplementation hypothesis: 1) unlike other minerals, Na ϩ in woody plants and natural water supplies may be inadequate to meet the minimum requirements of elephants during the dry season; 2) soils consumed by elephants differed from other soils primarily in their high Na ϩ content; 3) intensity of geophagy was negatively correlated with fecal Na ϩ ; and 4) elephants in non-Kalahari-sand habitats do not appear to create or use licks, probably because they are able to meet their Na ϩ requirements from ubiquitous Na ϩ -rich water supplies, which do not occur naturally in Kalahari-sand habitats.
Most studies on lick chemistry show that lick soils consumed by African elephants (Loxodonta africana) have higher Na ϩ concentrations than the surrounding soils (Ruggiero and Fay 1994; Stark 1986; Weir 1969) . This pattern has been reported for other herbivorous species (Dormaar and Walker 1996; McNaughton 1988; Moe 1993; Risenhoover and Peterson 1986; Tracy and McNaughton 1995) , and it has been hypothesized that licks are generally used to supplement an inadequate dietary-Na ϩ intake (Risenhoover and Peterson 1986; Weeks and Kirkpatrick 1976, Weir 1972) .
The Na ϩ hypothesis is supported by the * Correspondent: rholdo@princeton.edu fact that Na ϩ concentration in plants is often inadequate to meet the dietary requirements of herbivores (Belovsky and Jordan 1981; Blair-West et al. 1968) ; with the exception of halophytes, terrestrial plants normally do not concentrate Na ϩ (Botkin et al. 1973; Miller and Litvaitis 1992; Tracy and McNaughton 1995) . In addition to using licks (Miller and Litvaitis 1992; Moe 1993; Risenhoover and Peterson 1986; Ruggiero and Fay 1994; Weir 1969) , herbivores may counter a low dietary-Na ϩ intake by seeking alternative foods (Belovsky and Jordan 1981; Jordan 1987) , selecting plant species with above-average Na ϩ content (Jachmann and Bell 1985) and seeking Na ϩ -rich water (Weir 1972) .
Despite the prevalence of Na ϩ as the dominant cation in licks, little information is available that can link geophagy in elephants or other herbivores with a dietaryNa ϩ deficiency at a given site, except in the case of moose (Alces alces) in boreal forests (Jordan 1987; Risenhoover and Peterson 1986) . In addition to Na ϩ , concentrations of other essential minerals such as calcium, magnesium, and potassium are also often higher in lick soils than in the surrounding soils (Eksteen and Bornman 1990; Klaus et al. 1998; Stark 1986; Weir 1969) , and these and other minerals may also potentially influence lick use. Other roles of soil (e.g., detoxification of secondary compounds, countering the effects of acidosis) have also been hypothesized as important in determining the extent of geophagy (Klaus et al. 1998; Kreulen and Jager 1984) . Therefore, mineral supplementation may not necessarily be the causal factor driving lick use.
The Kalahari-sand region of Hwange National Park, Zimbabwe, is particularly poor in soil nutrients (P. G. H. Frost, in litt.; International Geosphere and Biosphere Programme, in litt.), including Na ϩ (Weir 1969) . Plants in this habitat are, therefore, presumably low in Na ϩ because plant minerals are primarily obtained from soil (McDowell 1985) . Rainfall can act as a significant source of Na ϩ for plants (Blair-West et al. 1968) , but the inland location of Hwange National Park suggests that Na ϩ input from rainfall in this ecosystem is probably negligible (Kreulen and Jager 1984) .
Elephants create and maintain depressions in patches of Na ϩ -rich soil in this area (Weir 1969) , and a positive correlation has been found between the number of elephants visiting pans (clay-rich depressions that hold rainwater during the dry season) and the Na ϩ content of water in pans located in the Kalahari-sand region of Hwange National Park (Weir 1972) . The use of Na ϩ -rich licks by elephants and the high numbers of elephants at Na ϩ -rich pans suggest that the Na ϩ budget of elephants may be somewhat precarious (Jachmann and Bell 1985; Weir 1972) . Weir (1969 Weir ( , 1972 hypothesized that elephants may be driven to use Na ϩ -rich water sources and licks to supplement a low Na ϩ intake from forage in Kalahari-sand woodlands of Hwange National Park. However, he did not measure the Na ϩ content of Hwange National Park forage, and little is known about elephant geophagy in relation to availability of dietary Na ϩ or the elephant's Na ϩ budget. We examined the hypothesis of Weir (1972) by analyzing mineral concentration of lick soils in relation to the surrounding soils and by analyzing concentration of Na ϩ and other important cations in browse, water, and licks in two habitat types in Hwange National Park in relation to estimated requirements of elephants for these minerals.
We also investigated the relationship between intensity of lick use by elephants and fecal-Na ϩ concentration-a potential indicator of Na ϩ balance-during the dry season (May-November) in Hwange National Park. Finally, we compared pregnant and lactating females with other elephants in terms of use of licks. Pregnancy and lactation impose high demands on females for Na ϩ and other nutrients because the Na ϩ content of milk and of developing fetal tissues remains relatively constant regardless of maternal Na ϩ intake (Belovsky and Jordan 1981; Michell 1995) . When dietary Na ϩ is limited, we hypothesized that pregnant and lactating females would be more likely to seek out supplementary sources of Na ϩ than would males and females without reproductive demands.
MATERIALS AND METHODS
Study area.-Hwange National Park is located in western Zimbabwe and extends from 18Њ30ЈS to 19Њ50ЈS and from 25Њ45ЈE to 27Њ30ЈE. The climate is semiarid. Rainfall shows a marked seasonal distribution with an annual mean of 652 mm at park headquarters in Main Camp, most of which occurs between November and March (Childes and Walker 1987; C. M. L. Rogers, in litt.) . Mean maximum daily temperatures are 24.3ЊC in July and 33.1ЊC in October. The park has an area of 14,600 km 2 , about twothirds of which is Kalahari sand. Kalahari sands are extremely low in plant nutrients (P. G. H. Frost, in litt.; International Geosphere and Biosphere Programme, in litt.), and major vegetation types on these soils are Zimbabwe-teak (Baikiaea plurijuga) woodland, CombretumTerminalia shrubland, and Acacia wooded savanna (Childes and Walker 1987) . The Sinamatella area in the northern section of the park is characterized by shallow soils derived from Karoo sediments and the basement complex (C. M. L. Rogers, in litt.), and these soils have a higher clay content than Kalahari sands have (P. G. H. Frost, in litt.; C. M. L. Rogers, in litt.). Vegetation in this area is typically dominated by mopane (Colophospermum mopane) woodland (C. M. L. Rogers, in litt.).
Beginning in the 1940s, permanent water supplies were created for game throughout the park by deepening of natural pans, provision of borehole (well) water, or both (Williamson 1975a) . Natural or nonsupplemented pans are replenished only with rainwater and usually lose their water through evaporation by the middle of the dry season (June or July). In the Sinamatella area, reservoirs and rivers replace pans as water supplies. Although the present study was conducted primarily in the Kalahari-sand area of the park, forage, water, and fecal samples were also collected in the Sinamatella area for comparison. The study was conducted during the dry season, May-December, 1997.
Sample collection.-Plant, water, soil, fecal, and urine samples were collected from the Kalahari-sand area for analysis of mineral concentration. We focused on woody plants instead of forbs and grasses because elephants rely on the former almost exclusively during the dry season (Williamson 1975b) . Leaf, stem, and bark samples (10-50 g/sample) were collected from plant species known to be used by elephants during the early dry season (May-August), when leaves were mature or senescing. Leaves were collected a 2nd time during the late dry season after plants had produced young leaves (September-October). Leaf samples from 56 species of food plants were collected in the Kalahari-sand area. Because of logistical constraints, other plant parts were collected only from more common species. Leaf samples from 37 woody plant species used by elephants were also collected in the Sinamatella area. Samples were collected from multiple sites within the 2 areas and from several plants per species within a site and were combined to produce a single sample per plant part for each species. All plant samples were collected and handled using surgical gloves to avoid Na ϩ contamination (Weeks and Kirkpatrick 1976) and were dried in open polyethylene bags.
Water samples (40 ml) were collected in borosilicate vials from pans in May-July (early dry season) and in September-October (late dry season). Samples (1 per site) were obtained from 9 nonsupplemented and 16 supplemented pans in the Kalahari-sand area. From supplemented pans 2 samples were collected, 1 from the pan itself and 1 from the concrete trough that feeds borehole water to the pan during the dry season because elephants may drink from either of these sources. In these cases the 2 samples were analyzed separately, and a mean value was calculated for the site. In the Sinamatella area, water samples (1 per site) were collected from the Sinamatella River and from the reservoirs at Masuma and Mandavu dams, which are the only significant water supplies in this habitat at the time of study.
In the Kalahari-sand area, soil samples (at least 50 g) were collected at Boss Long One and Sibaya, the 2 pans associated with extensive calcrete licks excavated by elephants. Elephants dig crescent-shaped depressions in these licks with their tusks and feet and feed on soil. Soil samples were collected by removing soil from the vertical face of lick excavations, as well as from the top 20 cm of soil in vegetated areas near licks, to compare the mineral composition of soils ingested by elephants with that of other soils. At each lick, samples were collected from 5 different excavations and from 5 nearby sites that were not a part of the licks. No licks were found in the Sinamatella region of the park, and therefore no soil samples were collected from this area.
Elephant fecal samples (n ϭ 107, weighing 50-100 g each) were collected at 7 sites in the Kalahari-sand area: Boss Long One, Long One, Sibaya, Dynamite, Caterpillar, Sinanga, and Guvalala pans. All these pans (of which the last 4 were supplemented with borehole water) were regularly visited by elephants for drinking, and 2 of them (Boss Long One and Sibaya) had prominent licks associated with them. Samples were collected from elephants observed defecating and were classified according to age and sex of the animal. Female elephants were classified as lactating if accompanied by a calf of nursing age, as pregnant if clearly pregnant, or as unknown if reproductive status was not evident.
In the Sinamatella area, 26 fecal samples were collected by a different method because of time constraints: fecal samples were collected from preselected road transects in the vicinity of Sinamatella camp. Each transect was traversed once, and whenever a dung pile was encountered, it was examined to determine how recently it had been defecated. Elephant feces become completely dry 2-3 days after being deposited. Only piles that had some moisture in the interior were collected because this precluded the collection of samples that might have been exposed to unseasonable rainfall (which might leach out some minerals) 2 weeks previously. Collection of fecal samples in this area was done concurrently with collections of plant and water samples between 15 and 17 October. As with plant material, fecal samples were stored in open bags and allowed to dry to constant atmospheric moisture (Ͻ30%), after which they were stored for transport.
In the Kalahari-sand area, 5 urine samples were collected from puddles in which elephants had been observed urinating (immediately after they had moved off to a safe distance). Samples were collected no more than a few minutes after the animal had urinated to minimize drainage, contamination, and evaporation, and were stored in borosilicate vials. Three samples were collected from puddles on sandy soil and two from puddles on a tar road. Because samples were collected from puddles, they might have been subjected to some contamination with minerals leaching out of the soil. On the basis of the low mineral content of Kalahari sand (and of water from natural pans) and the speed with which samples were collected, the level of contamination was presumed to be low. No urine samples were collected in the Sinamatella area.
Behavioral observations.-Behavior of elephants was monitored at Boss Long One lick between 17 June and 2 September. Observations were made from a vehicle parked at the woodland edge, about 100 m from the pan, thus minimizing the disturbance to elephants at the pan.
The method of instantaneous sampling of focal animals was used (Martin and Bateson 1986) . Only 1 focal individual was monitored per herd or group of elephants. Focal animals (n ϭ 116) were chosen by selecting the 1st visible animal in a group, and activity of the focal animal was monitored every 2 min by 2-4 observers. The behavior of a focal animal was recorded as long as it remained in the pan area (i.e., at the pan itself, in the open area surrounding the pan, at the licks, or at the forest edge). If a focal animal was temporarily out of sight, recording for that animal stopped until it was visible again.
Behaviors recorded were ''drink,'' ''feed,'' ''use lick,'' and ''other'' (e.g., fighting). Observations usually started around 0900 h (the time at which animals generally became active and began to visit licks) and continued until just before 1800 h (depending on the time of sunset). Activity budgets were based on the amount of time that animals were visible. Number of mouthfuls of soil ingested by animals per visit to the licks was also measured as an additional index of lick-use intensity. Mouthful counts (n ϭ 91) per visit to the lick area were conducted for focal individuals as well as for other elephants that approached the licks. A mouthful of soil was defined as a scoop of soil placed on the trunk tip and conveyed to the mouth.
Laboratory analyses.-Chemical analyses, except for soil analyses, were conducted at the Animal Nutrition Laboratory of the University of Florida. Air-dried plant and fecal samples were ground with a Wiley mill (Arthur H. Thomas Co., Philadelphia, Pennsylvania) to fit through a 1-mm mesh. Representative 1-to 2-g subsamples were extracted from each sample and oven-dried in crucibles overnight at 105ЊC for determination of dry matter, followed by overnight ashing at 550ЊC before serial dilution with 50% HCl, 10% HCl, and double-distilled H 2 O. Acid concentration was estimated at not more than 2% HCl. The digestate was filtered through No. 42 Whatman filter paper (Whatman Inc., Maidstone, United Kingdom) and was brought to volume (50 ml) in volumetric flasks with double-distilled H 2 O before being stored in polyethylene tubes. Samples were analyzed for concentration of Na ϩ , Mg 2ϩ , K ϩ , and Ca 2ϩ by atomic absorption spectrophotometry with a Perkin-Elmer Model 5000 spectrophotometer (Perkin-Elmer Corporation, Norwalk, Connecticut). In most cases it was necessary to conduct serial dilutions of the original sample (1:10) to bring sample concentrations into range for analysis. To test for Na ϩ contamination, 2 blanks were run for each batch of about 40 samples starting from the crucible preparation stage. If contamination occurred in a batch, the entire batch was discarded, and a 2nd batch was prepared.
Water and urine samples were filtered into sterilized plastic beakers, and 1-ml aliquots were used to prepare serial dilutions for analysis by atomic absorption spectrophotometry. For all samples, glassware and crucibles were cleaned carefully by rinsing many times in double-distilled H 2 O, followed by overnight immersion in 1% Acationox detergent (Baxter Healthcare Corp., McGaw Park, Illinois), overnight immersion in 10% HCl, and final rinsing in doubledistilled H 2 O. For water samples, mineral concentration from early and late dry-season sampling was averaged to obtain a single value per site. Mg 2ϩ and K ϩ concentrations were not analyzed in water samples because a previous study found these cations to be present in negligible concentrations (Weir 1972) .
Soil samples were pulverized in a ceramic mortar to pass through a 2-mm sieve and were analyzed for Na ϩ , Ca 2ϩ , Mg 2ϩ , and K ϩ concentrations using a Mehlich-1 (Hesse 1972) extraction procedure: 5 g of soil was added to 20 ml of 0.05 M HCl in 0.025 M H 2 SO 4 , and the filtrate was analyzed by inductively coupled argon-plasma spectroscopy at the Analytical Research Laboratory, Institute of Food and Agricultural Sciences, University of Florida.
Statistical analyses.-For statistical tests involving 2 groups, t-tests or Wilcoxon tests (in those cases in which parametric tests were not deemed appropriate) were used. For tests involving more than 2 groups, the Kruskal-Wallis test was used. Nonparametric tests were performed with PROC NPAR1WAY in SAS for Windows 6.2 (SAS Institute 1996). Lick soil was compared with other soils for differences in mineral content using a 2-way analysis of variance on ranks (ANOVA-SAS Institute 1985), with soil type and site (Boss Long One and Sibaya licks) as factors. Other studies have shown that licks generally differ from the surrounding soil in many elements (Eksteen and Bornman 1990; Klaus et al. 1998; Stark 1986; Weir 1969 ), making it difficult to attribute a causal effect to any single factor in lick attraction. Therefore, a principal components analysis was used to generate mutually uncorrelated axes of variation in mineral content (Manly 1984) , which could identify factors that best distinguish soils used by elephants from other soils. ANOVA and principal components analysis were conducted on the correlation matrix of the 4 mineral variables with SAS for Windows 6.2 (SAS Institute 1996) . P values are for 2-tailed tests, except where they are indicated in the text.
RESULTS
Mineral concentration of water, plants, and soil.-Water in nonsupplemented pans in Kalahari-sand areas contained very low Na ϩ levels (Table 1) . Several supplemented pans contained considerably higher levels of Na ϩ than did nonsupplemented pans, although Na ϩ content of the former varied substantially (Table 1) . Because only water from supplemented pans had high levels of Na ϩ (up to 2,500 mg/liter in 1 case), it can be concluded that this Na ϩ is provided by borehole water. Analysis of a number of borehole-water samples collected from several pans confirmed this. However, the range of values encountered in supplemented pans suggests that only some boreholes provided Na ϩ -rich water. The 2 dams and a river sampled in the Sinamatella area had high levels of Na ϩ (median ϭ 360 mg/ liter) compared with that of nonsupplemented pans (median Ͻ 10 mg/liter) in Kalahari-sand habitats, but unlike the case of supplemented Kalahari-sand pans, these values tended to be consistently high (Table  1) . Only Ca 2ϩ concentrations Ͼ10 mg/liter were detectable in water samples because the minimum dilution factor available was 1%, and only 3 water supplies had Ca 2ϩ concentrations in excess of this value.
The highest Na ϩ concentration in any plant part in the Kalahari-sand area was 580 mg/kg, and there were no clear differences in Na ϩ concentration between the leaves of Kalahari sand and Sinamatella woody plants (n ϭ 19 species; paired t-test, t ϭ 1.44, P ϭ 0.166; Table 1 ). Mature leaves had a significantly higher Na ϩ concentration than bark (n ϭ 19 species; paired ttest, t ϭ 6.59, P Ͻ 0.001; Table 1 ) and stems and twigs had (n ϭ 22 species; t ϭ 4.44, P Ͻ 0.001), but they did not differ from young leaves in Na ϩ concentration (n ϭ 42 species; t ϭ 1.09, P ϭ 0.282).
Lick soil had significantly higher Ca 2ϩ (F ϭ 6.43, d.f. ϭ 1, 16, P ϭ 0.022) and Mg 2ϩ (F ϭ 22.94, P Ͻ 0.001) than the surrounding soil had. There were significant site-bysoil-type interactions for Na ϩ (F ϭ 11.47, P ϭ 0.004) and K ϩ (F ϭ 7.2, P ϭ 0.016). Therefore, Boss Long One and Sibaya samples were tested separately for differences in these mineral concentrations between lick soil and other soil. Significantly higher levels of Na ϩ were found in lick soil than in other soil at both Boss Long One (Wilcoxon Z ϭ 2.51, P ϭ 0.012) and Sibaya (Z ϭ 2.51, P ϭ 0.012), whereas the opposite was true for K ϩ at both sites (Z ϭ 2.51, P ϭ 0.012 at both Boss Long One and Sibaya). Na ϩ concentration in lick soil was 1-2 orders of magnitude higher than the concentrations of Mg 2ϩ and K ϩ , but this was not true for other soil.
Axis 1 of the principal components analysis on soil data accounted for 72% of the variance in mineral content of the 20 samples (Fig. 1) . Ca 2ϩ , Na ϩ , and Mg 2ϩ loaded positively on this axis, whereas K ϩ loaded negatively on it, meaning that samples with high values along axis 1 had high concentrations of Ca 2ϩ , Na ϩ , and Mg 2ϩ and low concentrations of K ϩ . This axis clearly separates lick soil from a subset of the surrounding soil (Fig. 1) . However, 2 samples of surrounding soil collected from the base of termite mounds (1 from Boss Long One and 1 from Sibaya) were not clearly distinguished from lick soil along axis 1. The 2nd axis, which accounted for 16% of variance in the analysis, separated lick samples from termite mound samples. Whereas lick soil had primarily high Na ϩ , high levels of Mg 2ϩ and Ca 2ϩ characterized termite mounds (Fig. 1) .
Mineral concentration of the 3 cations that were abundant in lick soils was compared with mineral concentration of these cations in forage. Na ϩ concentration of lick soil was significantly higher than Na ϩ content of leaves in the Kalahari-sand area on a dry-matter basis (n ϭ 10 lick samples and 56 leaf samples; Z ϭ 5.00, P Ͻ 0.001). There was no difference in Ca 2ϩ content between lick soil and leaves (Z ϭ 0.82, P ϭ 0.413), but lick soil had a lower Mg 2ϩ content than leaves had (Z ϭ 5.01, P Ͻ 0.001).
Elephant behavior and fecal-Na ϩ concentration.-Because of difficulty in reliably tracking individual female elephants, which tend to move in large groups, and as a result of the method of selection of focal animals, only 7 of the 116 adult animals for which activity budgets were determined were females, of which 4 were pregnant or lactating and 3 were of unknown status. Because of low sample size for females, all females were pooled and compared with male elephants for differences in activity budget.
Of 116 elephants used as focal individuals during behavioral observations, 68 (59%) fed on lick soils. Total amount of time that focal animals spent in the pan area ranged between 2 and 100 min and did not differ between males and females (n ϭ 7 females and 109 males; Z ϭ 0.31, P ϭ 0.379). Only focal individuals that were observed for a minimum of 15 min were used for activity budget calculations. Females spent a greater proportion of their activity budget using licks than did males (n ϭ 7 females and 91 males; Z ϭ 1.69, 1-tailed P ϭ 0.046; Fig. 2 ), although activity budgets of individual animals varied considerably. Although activity budgets were obtained for only 7 females, lick-use intensity (mouthfuls of soil consumed per visit) was recorded for 12 females. These females (median ϭ 33) took more mouthfuls of soil per visit (Z ϭ 2.34, 1-tailed P ϭ 0.010) than did males (n ϭ 79, median ϭ 17).
Intensity of lick use and fecal samples corresponding to the same individual were obtained for 14 animals, which were all adult males. The correlation between lickuse intensity and fecal mineral concentration was tested for those ions having higher concentrations in lick soil than in the surrounding soil (Fig. 3) . The number of mouthfuls of soil consumed per visit to the lick was negatively correlated with fecalNa ϩ concentration (n ϭ 14; r s ϭ Ϫ0.58, P ϭ 0.029) and positively correlated with fecal Ca 2ϩ (n ϭ 13; r s ϭ 0.60, P ϭ 0.029) but was not correlated with fecal Mg 2ϩ (n ϭ 11; r s ϭ 0.31, P ϭ 0.321). Differences in sample size are caused by the fact that some fecal samples were not analyzed for all cations.
No clear patterns were evident in terms of differences in fecal Na ϩ across sex, age, or reproductive status (Table 1) . However, differences in fecal Na ϩ occurred among the 7 collection sites in the Kalahari-sand area (Kruskal-Wallis test for adult males: 2 ϭ 38.02, d.f. ϭ 6, P Ͻ 0.001), making it inappropriate to pool samples across sites within sex or age categories for statistical comparisons. The largest number of samples for 1 site was collected at Boss Long One, where no difference was found in fecal-Na ϩ concentration between adult males (n ϭ 27) and females (n ϭ 7; Z ϭ 0.28, P ϭ 0.783), despite observed differences in intensity of lick use between male and female elephants. Na ϩ concentration in urine.-The 5 urine samples had a median Na ϩ concentration of 30 mg/liter, with a minimum of Ͻ10 mg/ liter and a maximum of 140 mg/liter (Table  1) .
DISCUSSION

Na
ϩ requirements of elephants have not been directly measured, but rough estimates are possible if extrapolations are made from information available for other species. According to Robbins (1993) , daily Na ϩ requirements for mammals vary isometrically with body mass and are roughly 9.0 mg/kg body mass. In the case of a 5,000-kg elephant bull, this is approximately 45 g/day of Na ϩ . Three captive African elephants with an average mass of 4,900 kg were found to have a mean dry-matter intake of 62 kg/day (Kozaki et al. 1991) . If it is assumed that a 5,000-kg bull in Hwange consumes this amount of food per day, its dietary-Na ϩ intake would only be about 36 g/ day, even if it fed exclusively on plant items with the highest Na ϩ concentration recorded for Hwange (580 mg/kg) and if all Na ϩ present in plant tissues was absorbed. If this same elephant were to consume 200 liters of water per day (a conservative upper estimate based on the findings of Weir 1972) with a Na ϩ concentration of 10 mg/ liter (a typical value for water in a nonsupplemented pan) its Na ϩ intake from water would average 2 g/day, giving a total of 38 g/day from water and browse, or 84% of the required 45 g/day. Licks may provide Na ϩ that supplements low levels in plants and in water from nonsupplemented pans. An elephant consuming 10 kg of soil from Boss Long One lick may obtain up to 22 g of Na ϩ in this way, which could supplement Na ϩ intake sufficiently to satisfy the requirements of this cation.
In the Sinamatella area, a 5,000-kg elephant would obtain only 26 g/day of Na ϩ if it ate only plant species with the highest recorded Na ϩ concentration (430 mg/kg), but 200 liters of water from the Sinamatella River (with a Na ϩ concentration of 560 mg/ liter) would provide about 112 g of Na, far in excess of estimated elephant requirements.
Elephants in Hwange National Park may have difficulty in meeting their maintenance requirements of Na ϩ from forage alone but are probably able to obtain sufficient Na ϩ from licks and some Na ϩ -rich water sources to satisfy their requirements of this mineral. In Kalahari-sand areas, licks may be the primary source of Na ϩ supplementation in areas without Na ϩ -rich borehole water. At supplemented pans with elevated water-Na ϩ concentrations (e.g., Guvalala pan), geophagy may not be necessary as a means of Na ϩ intake: an elephant drinking 200 liters of water from Guvalala pan (with a median Na ϩ concentration of 1,840 mg/liter) would obtain 368 g of Na ϩ , which is a quantity clearly in excess of requirements, as noted by Weir (1972) . Thus, in the Kalahari-sand areas of Hwange National Park, 2 alternative sources of Na ϩ (licks or Na ϩ -rich water) may be exploited by elephants to supplement low intake from forage. This observation was first made by Weir (1972) , who noted that lick excavations were more numerous at pans with low concentrations of Na ϩ in water, suggesting an inverse relationship between use of water and soil as a source of Na ϩ for elephants at any given site.
No obvious licks were noted in the Sinamatella area, even though forage in this area did not differ in Na ϩ concentration from Kalahari-sand forage, presumably because elephants obtain an adequate amount of Na ϩ from water supplies alone throughout this habitat. Rivers and reservoirs in Sinamatella probably have elevated Na ϩ levels because of soil Na ϩ leaching into the water. This is most striking at the ''salt spring'' in the Sinamatella area. This water supply was dry at the time of the study (and therefore not sampled), but in a subsequent year it was observed to be surrounded by a layer of salt because it dried during the dry season. Water from rivers associated with Karoo and basement-complex soil in other areas had a high Na ϩ content: Ͼ25% of cations (Day and King 1995) . These waters are ''rock dominated,'' i.e., they reflect the mineral composition of underlying geological formations and of soils derived from them (Day and King 1995) . Thus, although soil samples were not collected in Sinamatella, there is evidence to suggest that soils in this area are higher in Na ϩ content than is Kalahari-sand soil.
The aforementioned estimates of daily Na ϩ intake and requirements apply to elephants without reproductive or growth demands during the dry season. Even for maintenance requirements, 45 g/day of Na ϩ may be a conservative estimate because Benedict (1936) found that a 3,000-kg Asian elephant was unable to maintain Na ϩ balance with a daily intake of 69 g of Na ϩ . Lactation, pregnancy, and growth are likely to impose further demands on the elephant Na ϩ budget. The possibility that excess Na ϩ may be stored during the wet season (when other forage sources not investigated here are available) for use in the dry season was not investigated, but it appears unlikely that a significant amount of Na ϩ storage occurs during the wet season: bones are probably the only significant Na ϩ reservoir in mammals, and Na ϩ reabsorption from bones even in cases of Na ϩ deficiency appears to be insignificant (Michell 1995) . To determine with more certainty whether Na ϩ concentration of dry-season browse is adequate to fully satisfy elephant requirements, a balance-type experiment (Hellgren and Pitts 1997) would be desirable.
Spatial and temporal heterogeneity in Na ϩ availability in the landscape has been hypothesized to affect distribution of a number of animal species, such as moose (Alces alces- Belovsky and Jordan 1981; Botkin et al. 1973; Jordan 1987) , whitetailed deer (Odocoileus virginianusWeeks and Kirkpatrick 1976) , and other ungulates (McNaughton 1988) . If elephants in Hwange National Park are indeed unable to meet their Na ϩ requirements from forage, distribution of licks and Na ϩ -rich water supplies may affect their movements and distribution in Kalahari-sand regions of the park, as proposed by Weir (1972) . The extent to which this is true will depend on a number of factors, including maximum amount of time that can elapse between visits to licks before animals need to supplement their Na ϩ intake, average distance between Na ϩ -rich sources, and daily ranging behavior of elephants.
The negative correlation found between quantity of soil consumed at licks and fecalNa ϩ concentration is consistent with a Na ϩ -supplementation role of licks, provided that fecal Na ϩ can be used as an indicator of Na ϩ balance. Herbivores may be able to reduce fecal-Na ϩ loss through electrolyte absorption in the gut (Hellgren and Pitts 1997; Michell 1995) ; fecal-Na ϩ concentration has been found to be a valid indicator of Na ϩ balance in cattle (Khalili et al. 1992a (Khalili et al. , 1992b , although to the best of our knowledge this has not been tested in wild ungulates.
Mg 2ϩ and Ca 2ϩ were the only other cations tested that were likely to attract elephants to licks. A linear extrapolation of requirements of Mg 2ϩ and Ca 2ϩ from a 500-kg horse to a 5,000-kg elephant, on the basis of minimum requirements of the former proposed by the National Research Council (1989), suggests a daily intake of at least 400 g of Ca 2ϩ and 188 g of Mg 2ϩ to satisfy maintenance requirements. At an intake of 62 kg/day of dry matter, this corresponds to a minimum concentration of 6,452 mg/kg for Ca 2ϩ and 3,032 mg/kg for Mg 2ϩ in forage, assuming an absorption efficiency of 50% for Ca 2ϩ and 40% for Mg 2ϩ (National Research Council 1989) . These values are within the range of values encountered in Hwange browse (Table 1) . Therefore, even though Mg 2ϩ and Ca 2ϩ were higher in lick soils than in the surrounding soils, elephants may be able to meet requirements of these minerals through forage alone. Also, unlike Na ϩ , concentrations of Mg 2ϩ and Ca 2ϩ were similar or higher in forage than in lick soil. Elephants also had access to Mg 2ϩ -rich and Ca 2ϩ -rich soil in termite mounds (Fig. 1 ) that they did not exploit (Weir 1972) , so it is unlikely that elephants were using licks to meet Ca 2ϩ and Mg 2ϩ requirements. Fecal Ca 2ϩ and Mg 2ϩ also show a trend opposite to that of Na ϩ in relation to lick-use intensity (Fig. 3) , suggesting that elephants deficient in Ca 2ϩ or Mg 2ϩ are unlikely to seek licks to supplement intake of these minerals.
The relationship between mineral concentration and availability probably differs between forage and soil, and different extraction procedures were used to analyze mineral concentration in the 2 sample types.
The digestive system of the elephant may not be able to extract a given amount of Na ϩ or Mg 2ϩ as readily from 1 kg of leaves as from 1 kg of soil (or vice versa). Nevertheless, it is probably justifiable to compare the relative concentration in soil versus that in forage of different cations, if not the absolute concentration of 1 cation across sample types.
Fecal-Na ϩ concentration may be affected by factors other than a need to retain Na ϩ , such as changes in ratios of K ϩ to Na ϩ in forage (Weeks and Kirkpatrick 1976) , and presumably by other aspects of food quality. Further study is required to validate the use of Na ϩ or other cations in fecal samples as indices of mineral balance. In general, renal function is more important than intestinal absorption in regulating Na ϩ loss in animals (Michell 1995) , but the difficulty in obtaining urine samples from individual elephants for which lick-use data were also obtained precluded the use of urinary Na ϩ as an indicator of Na ϩ balance in these elephants. The few urine samples analyzed suggest a negative Na ϩ balance in Hwange National Park elephants when compared with the values found by Benedict (1936) for Asian elephants (Elephas maximus), and these are the only published values of urinary-Na ϩ concentration in elephants that we were able to find. A captive Asian elephant kept in negative Na ϩ balance during a balance-type experiment had urinary-Na ϩ values of 432-1,494 mg/liter, with a median of 1,043 mg/liter (Benedict 1936) ; this elephant had a lower urinary-Na ϩ concentration than had other captive elephants that received salt supplements (Benedict 1936 ).
It is difficult, on the basis of the information available, to determine whether the Hwange elephants were in negative Na ϩ balance. The urinary-Na ϩ values we found were substantially lower than those recorded by Benedict (1936) , and the discrepancy could be the result of a number of factors, e.g., differences between the 2 elephant species in their ability to regulate loss of Na ϩ in urine or dietary factors.
We assumed that the number of mouthfuls of soil taken per visit to the lick could be used as an index of appetite for soil and that these visits by the same animal on different days were independent events. One line of evidence suggesting that intake during a single visit reflects appetite for soil comes from behavior of elephants that were displaced from licks. On numerous occasions, elephants (male and female) were displaced from a strongly preferred excavation at Boss Long One lick by a larger bull. Frequently, the displaced animal waited (sometimes for hours) for the dominant bull to leave the lick before returning to continue feeding. On these occasions, total number of mouthfuls of soil taken by the displaced animal for the entire visit to the lick was counted. If elephants were inclined to spread their soil intake over several days, they would probably not wait for access within a single day.
Our initial objective was to focus on pregnant and lactating animals, but all the individuals for which we were able to collect fecal samples and behavioral data were adult males. One reason for this overrepresentation of adult males is the social structure of elephants; males tend to be solitary or associate in small, fluid groups, whereas females move in large, cohesive family groups. Male groups were thus encountered more frequently than female groups, even though the total number of males and females was similar. Because the 1st visible individual in any group arriving at the licks was picked as a focal animal for behavioral observations, males were picked more frequently than females. In addition, because female groups are larger, it was often difficult to reliably observe and collect fecal samples of females because of other animals obscuring the lines of view and trampling the fecal samples.
Despite a large difference in sample size of male and female activity budgets and intensity of lick use, differences in behavioral patterns were significant. Greater intensity of use in females points to a physiological cause for geophagy in elephants. This does not necessarily imply that geophagy is driven by a search for Na ϩ , but it does suggest that lick use is driven by nutritional factors because females have different nutritional needs.
In conclusion, there are several indirect lines of evidence to indicate that elephants in the Kalahari-sand habitats exploit mineral licks to supplement the low Na ϩ concentrations found in plants during the dry season. Na ϩ -balance experiments are required to determine Na ϩ requirements of elephants, and further research needs to be conducted on the use of fecal Na ϩ as an indicator of Na ϩ balance in elephants. Even if elephants in the Kalahari-sand area of Hwange are able to maintain Na ϩ balance in the absence of licks and Na ϩ -rich borehole-provisioned pans, Na ϩ appears to play an important role in attracting elephants to licks and, thus, in affecting movement and habitat-use patterns by this species.
